The transcription factor Gata3 is an important regulator of the development of thymus, the nervous system, ear, kidney, and adrenal glands. This study analyzes the role of Gata3 in the developing heart using a mouse strain containing an nlsLacZ reporter gene fused in frame to the Gata3 gene by homologous recombination. Using in situ hybridization, RT-PCR and Gata3-LacZ histochemistry, Gata3 expression was shown in various cardiac structures up to newborn stage. During looping stages (E9.5-E11.5) Gata3-LacZ activity recapitulated endogenous Gata3 and was abundantly expressed in the endocardial ridges and endothelium of distal outflow tract. Strong reporter gene expression was also noted in the mesenchyme of ventral branchial arches, and in the epithelium. In the atrioventricular canal expression was relatively lower. In the four-chambered heart stages (E13.5-E17.5) the LacZ-staining did not recapitulate the endogenous Gata3 transcript and showed rather lineage tracing of formerly Gata3-expressing cells in the hearts. b-Galactosidase activity was detected in the cusps of semilunar valves, aorta, pulmonary trunk, innominate and common carotid arteries, and faintly in the atrioventricular valves. Gata3-null embryos die normally between E11 and E12. Pharmacological treatment with sympathomimetic b-adrenergic receptor agonist lengthens the survival up to E18 when malformations of the heart such as ventricular septal defect (VSD), double-outlet of right ventricle (DORV), anomalies of the aortic arch (AAA) and persistent truncus arteriosus (PTA) were detected.
Introduction
During murine embryonic development Gata3 mRNA has been detected by in situ hybridization in the thymic rudiment and T lymphocytes, in the central and peripheral nervous systems, kidney, liver, adrenal gland (George et al., 1994) , and in the inner ear (Lillevä li et al., 2004) . Targeted disruption of the Gata3 gene causes severe abnormalities in the nervous system, in fetal liver hematopoiesis, and the embryos die between E11 (embyonic day 11) and E12 (Pandolfi et al., 1995) . Neuroendocrine deficiency in the sympathetic nervous system, especially decreased noradrenalin synthesis, was suggested to be the main cause of early embryonic lethality (Lim et al., 2000) in Gata3-null mice. Use of yeast artificial chromosome containing full-length Gata3 gene and the LacZ reporter gene (Lakshmanan et al., 1999) showed that Gata3 has specific enhancers for the nervous system, endocardium, and the urogenital system. To investigate the expression of Gata3, mice were created in which the LacZ gene was introduced into the Gata3 gene . It has been previously shown that the pattern of b-galactosidase activity recapitulates that of endogenous Gata3 in the hindbrain, as revealed by in situ hybridization and immunohistochemistry (Pata et al., 1999) . The involvement of Gata3 in the cardiovascular development has been reported only briefly (Lakshmanan et al., 1999; Lim et al., 2000) .
In this report, using in situ hybridization, RT-PCR and Gata3-LacZ detection in the knock-in embryos, we show that Gata3 has a significant role in development of cardiac outflow tract and that its mutations could contribute to formation of certain congenital heart defects. The expression pattern was analyzed for the presence of Gata3-nlsLacZ (briefly Gata3-LacZ) fusion protein by histochemical reaction for b-galactosidase. LacZ-staining recapitulated the endogenous transcript only during cardiac looping. Later, the Gata3 mRNA was downregulated, but in heterozygous (Gata3-LacZ/+) mutants, b-galactosidase activity was localized in the definitive structures of the four-chambered heart, such as semilunar valves, aorta, pulmonary trunk, innominate and common carotid arteries. We detected various phenotypic abnormalities in the developing heart of Gata3-null mutant embryos, particularly in the ventricular septum, outflow tract, aortic arch and pulmonary arteries.
Results

Expression of Gata3 in the outflow tract and atrioventricular canal
The expression of Gata3 in the developing heart was analyzed by RT-PCR. Gata3 transcripts were detected on E9.5-17.5 (Fig. 1) . Analysis of whole hearts from E9.5 to E10.5 showed that Gata3 was distinctly expressed during cardiac looping. The hearts of older embryos were dissected and parts were analyzed separately. On E11.5 the distal part of the heart containing the outflow tract (OFT) and proximal part containing atrioventricular canal (AV) showed the presence of transcript. From E15.5 to E17.5 Gata3 was continuously expressed in the structures comprising OFT and AV region.
During this period, notable Gata3 expression was also detected in the right atrium. In the hearts of adult animal the transcript was not detectable by RT-PCR.
LacZ expression pattern in heterozygous embryos was compared with the Gata3 mRNA pattern in wild-type embryos by in situ hybridization at E9.5-11.5. At these stages b-galactosidase staining recapitulated the sites of endogenous Gata3 expression ( Fig. 2A-C , E-G). The distribution of Gata3 transcripts in heart is similar to that of b-galactosidase activity in the OFT and AV (Fig. 2D,H) . At later stages of development the in situ hybridization signal decreased and did not follow the b-galactosidase staining (data not shown). Such discrepancy may be caused by higher stability of LacZ protein as Fig. 2 -Comparison of Gata3 mRNA in situ hybridization pattern in wild-type (wt) embryos (A-D) with the b-galactosidase staining in Gata3-LacZ/+ embryos (E-H) on E9.5 (A, E), E10 (B, F) and E11.5 (C, D, G, H). (A-C, E-G) Up to E11.5 b-galactosidase staining (E-G) recapitulated the sites of endogenous expression of Gata3 (A-C) in the wholemount embryos. (D, H) Dorsal views of the hearts after atria have been removed to show that the distribution of Gata3 transcripts is similar to that of b-galactosidase activity in the OFT (oft) and AV (av). bc indicates bulbus cordis; cv, common ventricular chamber. Bars, 1 mm. Fig. 1 -The RT-PCR of the Gata3 mRNA during embryonic development of murine heart. RNA from E9.5 to E10 whole hearts or the dissected regions from the E15.5, 17.5, and adult hearts containing the outflow tracts (o), atrioventricular canals (a), and right atria (r) was reverse-transcribed. As a control, mouse HPRT (hypoxanthine-phosphoribosyltransferase) was amplified; as a negative control, reverse transcriptase was omitted (ÀRT), only E10 is shown. Ethidium bromide staining. compared with the endogenous transcript and manifests rather lineage tracing showing the derivatives of formerly Gata3-positive cells in the heart. As the phenotype of the Gata3-LacZ/+ heterozygous embryos is normal, these embryos were used to examine the expression pattern of Gata3/LacZ allele by visualization of b-galactosidase activity. Although the knock-in construct contains nuclear localization signal (nls), in the case of high level expression both the cytoplasm and nucleus displayed were intensely stained, as observed in the pharyngeal epithelium (Fig. 3B ). In the case of moderate or low expression, the nuclear localization prevailed, as for example in the AV canal (Fig. 3O) .
Consistent with RT-PCR and in situ hybridization results, Gata3-LacZ expression was detected in the heart on E9.5 (Fig.  3A-C) . At this stage the distal part of the outflow tract opens into the aortic sac (Fig. 3B) . The blood from the aortic sac flows into the paired dorsal aorta mainly via the 2nd and 3rd branchial (pharyngeal) arch arteries, and the 1st arch artery is in the process of regression. Analysis of the embryos on E9.5 revealed a strong reporter gene expression in the ventral part of branchial arches (Fig. 3A) . At the level of 3rd arches two b-galactosidase positive ridges protruded into the truncus arteriosus; a similar but more advanced pattern is seen on E10.5 (Fig. 3D ) and E11.5 ( Fig. 3G; 4N , P). Histological examination showed that emerging ridges form a common compartment with the LacZ-positive lateral wall mesenchyme of aortic sac (Fig. 3B) . The dorsal wall of aortic sac, whole pharyngeal epithelium (Fig. 3B ) and some mesenchymal cells were LacZ-positive, while the staining of aortic sac endothelium was heterogeneous. Lateral wall endothelium showed no staining, while a majority of cells lining dorsal and ventral aortic sac, similar to distal OFT were b-galactosidase positive. The intensity of staining varies from faint to strong. It could not be determined always, whether the whole endothelial cell was b-galactosidase negative, due to a lack of the nucleus in the particular section. In the case of faint staining, the signal localized mainly in the nucleus and the cytoplasm remained unstained. The endocardium of proximal OFT and AV canal was almost entirely b-galactosidase negative. Only few cells were occasionally b-galactosidase positive (red arrowheads in Fig. 3C ). Similar occasional staining appeared in the conotruncal myocardium from E9.5 to E11.5 (black arrowheads in Fig. 3B, F, I ).
During ongoing development, the number of cells in the OFT ridges increased quickly and on E10.5, two compartments were discernible. In the truncus arteriosus (distal OFT) the majority of mesenchymal cells and endothelial cells were bgalactosidase positive (Fig. 3F ), but the intensity of staining of endothelial cells was heterogeneous. On the other hand, in the bulbus cordis (proximal OFT) a separate compartment of endocardial cushion cells had formed whereas only few mesenchymal cells and no endothelium showed staining. Only some endocardial cushion cells and few single endothelium cells were weakly stained in the atrioventricular canal and the expression was not observed in the adjacent myocardium (Fig. 3F) . The overall number of b-galactosidase-positive mesenchymal endocardial cushion cells increased up to E11.5 ( Fig. 3H-J) . At the older stages the staining in the bulbus cordis and atrioventricular region remained weaker than in the distal OFT and did not appear in all cells. The principal feature was the decreasing number of b-galactosidase positive cells (Fig. 3H ) in the distal OFT endothelium as compared to E9.5-10.5.
The ventral part of branchial arches showed strong staining in the whole-mount embryos throughout the developmental period E9.5-10.5 ( Fig. 3A and D) . Analysis of sections of embryos at E10.5-11.5 revealed continuously high b-galactosidase activity in mid-branchial arches (Fig. 3E-G) , in which both the mesenchyme as well as the surface epithelium were stained (Fig. 3E , F and data not shown for E11.5).
Aortico-pulmonary septation and the formation of valves were progressing rapidly around E12. LacZ-positive spiral septum segregated the aortic and pulmonary components of the distal OFT at E11.5 ( Fig. 3H ) and forming arterial valves at E12.5 (Fig. 3L) . The proximal parts of spiral septum ridges stained weakly or not at all (red arrows in Fig. 3H, I ). The majority of mesenchymal cells of the emerging (Fig. 3L ) and definitive arterial valves (Fig. 3P , only aortic valve are shown) were strongly stained, whereas the staining intensity of interventricular septum remained lower (Fig. 3K ). Small cluster of cells expressing b-galactosidase at low level was also observed in the emerging (Fig. 3K , M) and definitive ( Fig. 3N , O) AV valves. Stained cells retain the activity of b-galactosidase in the valves up to newborn (NB) stage (Fig. 3R ) and the reporter enzyme activity was higher in the right AV valve than in the left AV valve (Fig. 3Q) .
The great vessels of the heart achieve their definitive prenatal configuration at E15, when the major branches of the aortic arch had formed. Our analysis showed a weak, but distinguishable staining of the innominate, right and left common carotid arteries, the aortic arch and ductus arteriosus (Fig. 3S ). Gata3-LacZ was also expressed in the sympathetic stellate ganglia of heterozygous mutant (Fig. 4Q ), but there was no reaction in the ganglia of homozygous mutant embryos (Fig. 4R ).
2.2.
Phenotypic abnormalities in Gata3-LacZ/LacZ embryos' hearts and outflow vessels Gata3 homozygous mutant (Gata3-LacZ/LacZ) embryos die between E11 and E12. At these stages, the branchial arch arteries, intracardiac septa and valves showed still extensive remodeling, and their definitive features are difficult to distinguish. The overall LacZ expression sites of Gata3-LacZ/LacZ embryos up to the E11.5 (Fig. 4G ,K) showed a pattern similar to the heterozygous (Gata3-LacZ/+) mutants (Fig. 4H, L) . However, morphological differences were evident at the wholemount level. In the Gata3-null embryos the lower part of the face and branchial arches were hypoplastic, but at the same time the LacZ-positive areas were not evidently diminished and the staining intensity was even stronger than in heterozygote mutants. This is likely caused by the expression of two LacZ alleles instead of one. Since strong b-galactosidase staining interfered with identification of branchial arches, the unstained embryos were used to examine them more precisely (Fig. 4I, J) . On E10.5 in wild-type embryo, the first and the second arches were externally separated by a deep groove and were readily recognizable, while the second groove had developed between the second and third arches and the anterior boundary of third arch was thereby well defined. Whole-mount embryos on E9.5 (A), E10.5 (B) and sagittal vibratome section from the embryo on E11.5 (G) show expression in the ventral branchial arches and endocardial ridges (r) extending into truncus arteriosus. (B-C, E-F, H-J) Transverse serial sections of the embryos on E9.5 (B-C), E11.5 (H-J) and sagittal sections of the embryos on E10.5 (E-F), the insert in E is shown at higher magnification in F. High level of LacZ expression was first detected in the distal OFT, in the lateral wall mesenchyme of aortic sac and in the emerging ridges (r; B) on E9.5, and later in the truncus arteriosus (ta) mesenchyme (F, H, I; the putative boundary between truncus arteriosus and bulbus cordis is marked by dotted line). During development the LacZ expression gradually extended into bulbus cordis; the staining was absent on E9.5 (C), single stained mesenchymal cells have appeared on E10.5 (red arrows in F), the majority of mesenchymal cells stained on E11.5, only the most proximal mesenchyme showed no or low expression level (red arrows in H, I). In AV canal the number of LacZ-positive cells also gradually increased during ongoing development (red arrowheads in C and F, J). Occasional staining was detected in the conotruncal myocardium (black arrowheads in B, F and I). (K, L, M) Sagittal (K) and serial transverse (L, M) sections of the embryos show staining of interventricular septum (ivs in K), spiral septum (ss in L), emerging aortic valve (av; L) and tricuspid valve (tc in M) on E12.5. (N-P) Transverse sections of the embryos show stained cells in definitive tricuspid (N and O) and aortic valve (P) on E17.5, the insert in N is shown at higher magnification in O; note the nuclear localization of b-galactosidase in the case of weak staining. (Q) View on the base of ventricles after atria have been removed to show b-galactosidase activity in valves on E17.5; note that the reporter enzyme activity was higher in the right AV valve (rav) than in the left AV valve (lav). (R) Right lateral view of heart showes the persisting staining in valves up to newborn (NB) stage. (S) Frontal view of heart shows the staining of innominate (ina), right (rca) and left (lca) common carotid arteries, the aortic arch and ductus arteriosus (da). aa indicates aortic arch; as, aortic sac; e, surface epithelium; ba, branchial arches; la, left atrium; lv, left ventricle; opt, origin of pulmonary trunk; pt, pulmonary trunk; pv, pulmonary valve; ra, right atrium; rv, right ventricle; vr, ventral ridge of OFT septum; dr, dorsal ridge of OFT septum; tha, thoracic aorta. Other abbreviations as in Fig. 2 . Bars in A, D, E, G, K, Q-S, 1 mm, in L-N, 500 lm, in F, H-J, 200 lm, in B, C, P, 100 lm and in O, 10 lm. Subsequent grooves were not discernible and the fourth and sixth arches were not recognizable in whole-mount observation. The most prominent feature of mutant homozygote in the background of general dysplasia of arches was the absence of segregation of the first branchial arches into the maxillary and mandibular component (Fig. 4I) . Arteries are the earliest and the most prominent structures seen in the each arch. To follow the pattern of arch arteries, ink was injected into the ventricle. Normally, the first and the second arch arteries have degenerated and largely disappeared by E10.5, and the 3rd, 4th, and 6th artery pairs connect aortic sac with the dorsal aorta (Fig. 4D, F) . In the Gata3-LacZ/LacZ embryo the main vessels were still the first and the second aortic arch arteries (Fig. 4C, E) . Only in few cases the anlage of more caudal arch arteries was also recognizable in the serial histological sections (data not shown).
Recent report by Ward et al. (2005) introduced the hypothesis that a short outflow tract leads to malformations of the heart, including double-outlet of right ventricle (DORV) and ventricular septal defect (VSD), which were the most prevalent malformations in hearts of pharmacologically treated longer surviving Gata3-null embryos (see below). In our investigation the shorter LacZ-positive ridges, as well as shorter entire truncus arteriosus were discernible already in wholemount LacZ-stained Gata3-LacZ/LacZ embryos on E10.5. (Fig. 4G, H) . In addition, it was more clearly detectable in the dissected hearts (Fig. 4M, N) . The localization of OFT myocardium marker, Wnt11 (Cai et al., 2003) was mapped by using in situ hybridization. The expression area of Wnt11 was significantly reduced in Gata3-LacZ/LacZ mutants (Fig. 4A) as compared to wild-type embryos (Fig. 4B ). Ward and collaborators suggested that shorter OFT leads to rotation defects, as it was seen by LacZ-positive ridges pattern on E11.5 (Ward et al., 2005) . In the heterozygous mutant the ridges were coiled counterclockwise around each other for about a half of turn (Fig. 4P) , whereas in the homozygous mutant they were not coiled (Fig. 4O) . Serial sections through Gata3-LacZ/ LacZ OFT revealed that the ridges had not formed a spiral septum (Fig. 4R) , which in normal development separates aorta and pulmonary trunk (Fig. 4Q) . Additionally, the OFT in Gata3-LacZ/LacZ embryo was positioned more cranially relative to the intestinal tract. The pharynx was located at the level of OFT where the esophagus and trachea of a normal embryo were situated (Fig. 4Q) . LacZ expression sites of Gata3-LacZ/LacZ (K) showed the rather similar pattern to Gata3-LacZ/+ heterozygous mutant (L); note the whole-mount embryos are too thick to discern the differences in OFT morphology. (M-P) Left (M, N) and frontal (O, P) views of isolated LacZ-stained hearts on E11.5. The ridges in Gata3-LacZ/+ embryos were twisted counterclockwise around each other (N, P), while in Gata3-LacZ/LacZ embryos (M, O) they show non-twisted pattern. (R, Q) Sections through E11.5 Gata3-LacZ/ LacZ OFT show that ridges were not fused to spiral septum (R), which in normal development separates aorta and pulmonary trunk (Q). ph indicates pharynx; sg, stellate ganglia; tr, trachea; eso, esophagusl; da, dorsal aorta. Other abbreviations as in Figs. 2 and 3. Bars in A-D, G-P, 1 mm and in E, F, R, Q, 100 lm.
2.3.
Phenotypes of longer surviving pharmacologically treated Gata3-LacZ/LacZ embryos Lim and coworkers suggested that Gata3 loss leads to embryonic lethality between E11 and E12 due to the physiological consequences of noradrenalin deficiency (Lim et al., 2000) . The key enzymes of noradrenalin biosynthesis, tyrosine hydroxylase and dopamine b-hydroxylase are downregulated in the Gata3-null embryo and the adrenergic receptor agonists have been successfully used to compensate the noradrenalin deficiency (Kaufman et al., 2003) . Therefore starting from E7.5, to pregnant dams was given fresh water daily containing of L-phenylephrine, isoproterenol and ascorbic acid. Using this treatment the Gata3 homozygous mutants survived up to E18.5. They had, however, underdeveloped mandibula. Additionally, even gentle manipulation caused the body surface hemorrhage (Fig. 5A, B) . The analysis of serial section showed that seven out of nine examined longer surviving Gata3-LacZ/LacZ embryos (9pc) had several severe malformations of heart. To sum up, seven hearts had VSD (Fig. 5C ), seven hearts had DORV (Fig. 5G) or the shift of left OFT to the right (data not shown), six hearts had interrupted aortic arch (IAA, Fig. 5J ), one heart had persistent truncus arteriosus (PTA, Fig. 5E ) and one had higher located aortic arch (HAA, Fig. 5H ). IAA and HAA were classified as anomalies of aortic arches (AAA).
Discussion
Currently a significant role among Gata transcription factors in regulating cardiac development is ascribed to Gata4 and Gata6 (Firulli and Thattaliyath, 2002) , and the roles of Gata3 in cardiac development received relatively small attention (Lakshmanan et al., 1999; Lim et al., 2000) . Using in situ hybridization, Gata3-LacZ detection, RT-PCR and Gata3 knockout embryos, we show that Gata3 has a significant role in the outflow tract development and its lack could contribute to the congenital heart defects such as VSD, DORV, AAA and PTA. Gata3-LacZ expression at high level was localized in the endocardial cushions and mesenchyme surrounding the great arteries. At later stages the strong b-galactosidase staining was detected in differentiating cusps of the semilunar valves and weaker expression in the AV valves, walls of ascending aorta, innominate and common carotid arteries. In the present study we observed that the normal developmental pattern of Gata3 expression generally correlates with the structural anomalies of the ventricular septum, outflow tract and aortic arches detected in Gata3-null mutant embryos.
At early stages (E9.5-11.5) the Gata3-LacZ is expressed in a highly similar pattern to that of endogenous Gata3 in the multiple sites of embryo. Later, the b-galactosidase reaction product in the heart does not coincide with endogenous Gata3 arising from right ventricle (pta in E); two arterial valves connecting right ventricle to aorta and pulmonary trunk (DORV, av and pv in G); highly located aortic arch (HAA) as compared to lung tips in mutant embryo (H) and normal aortic arch (aa) at the level of right lung cranial lobe (rl in I). (J) Frontal view of ink injected and BABB cleared heart showing the coexisting of IAA and VSD in the same heart; (K) as a control, ink-injected heart of wild-type embryo is shown. ac indicates ascending aorta; dc, descending aorta; da, ductus arteriosus; rpc, right pleural cavity. Other abbreviations as in Fig. 4 . Bars, 1 mm. transcript accumulation. Discrepancy could be caused by the different stability of b-galactosidase and Gata3 mRNA. A similar divergence between endogenous transcript and reporter protein distribution has been observed for other transgenes in the heart (Kelly et al., 2001 ) and somites (Hadchouel et al., 2000) . Thus, the staining in the later stages might reflect more the cell-lineages tracing of formerly Gata3-expressing cells than the actual gene expression.
The structures that are affected in DiGeorge syndrome (DGS) in humans, also known as velocardiofacial syndrome (VCFS), greatly overlap with the Gata3-expressing sites. Gata3 is expressed and involved in the morphogenesis of the lower face (Pandolfi et al., 1995) , hindbrain (Pata et al., 1999) , ear (Karis et al., 2001) , thymus (George et al., 1994) , in the differentiation of T lymphocytes (Oosterwegel et al., 1992; Hendriks et al., 1999) , and in OFT (present study). Multiple clinical problems of the DGS patients include cardiac defects, T-cell immunodeficiency, facial dysmorphism, mental retardation and deafness (Wilson et al., 1993; Epstein and Buck, 2000; Van Esch et al., 2000; Van Esch and Bilous, 2001) . Despite the frequent occurrence of deletions in 22q11 in patients with DGS, it has long been recognized as an etiologically heterogeneous syndrome, which involve different genetic loci in the chromosome 10p (Greenberg et al., 1988; Daw et al., 1996; Gottlieb et al., 1998) , as well as epigenetic and/or environmental causes (Vermot et al., 2003) . In the DiGeorge syndrome the critical region of 10p was defined as a 200-kilobase region which contains the Gata3 gene (Van Esch et al., 2000) . In 47% of patients with terminal 10p deletion involving the DGS region, heart malformations have been reported, including VSD, DORV, IAA and persistent ductus (Van Esch et al., 1999; Lichtner et al., 2002) . In addition, a variety of mouse models phenocopying DiGeorge syndrome revealed the role of genes that are not present in the microdeletion, but which modulate the severity and penetrance of the DiGeorge-like phenotype (Garg et al., 2001; Frank et al., 2002; Bachiller et al., 2003; Stalmans et al., 2003) .
Gata3 expression pattern overlaps with the localization of neural crest derivatives in cardiac development
The unambiguous identification of neural crest (NC) derivatives in mammals was complicated by the lack of specific molecular markers until transgenic mouse models were introduced. In order to follow the cardiac NC derivatives, several different transgenic constructs have been successfully used: Wnt1-cre (Jiang et al., 2000) , Cx43-LacZ (Waldo et al., 1999) and Pax3-cre (Li et al., 2000) . Compared to reported patterns of above-mentioned NC markers, we found an occasional endothelial staining in Gata3-LacZ reporter expression pattern, also outside the heart. Developmental defects of non-cardiac NC derivatives, such as adrenal medulla, organ of Zuckerkandl and numerous structures of lower face, have been previously reported in Gata3-null mutants (Pandolfi et al., 1995; Lim et al., 2000) . Later in the development, when the endogenous Gata3 mRNA transcription is silenced, the bgalactosidase staining overlaps with the localization of neural crest derivatives. The labeling of the aortic arch, carotid and innominate arteries, and ductus arteriosus are consistent with Wnt1-Cre/R26R and avian studies (Waldo et al., 1999; Jiang et al., 2000) . In our study we found, that the arterial valves and the mesenchyme of the atrioventricular canal were not completely composed of Gata3-LacZ-positive cells. The mature leaflets of the OFT valves were shown to be virtually devoid of neural crest-derived cells (Jiang et al., 2000) and genetic lineage-labeling showed that endocardially derived mesenchyme replaces neural crest-derived cells during late stages of valve formation (de Lange et al., 2004) . Contrary to prior reports, one recent study using the identical genetic background (C57BL/6J) showed, that a substantial amount of NC-derived cells persisted in the semilunar valves in late fetal, neonatal, and even adult hearts (Nakamura et al., 2006) . Furthermore, NC-derived cells were also found in the AV valves (de Lange et al., 2004; Nakamura et al., 2006) . Further co-localization experiments are needed for definite conclusions about Gata3 expression in cardiac NC-derived cells.
3.2.
Gata3-LacZ is expressed in the endothelium
In the present study the LacZ-staining was detected in the endothelium of distal OFT and aortic sac. NC-derived endothelial cells have never been observed in quail-chick chimeras or in transgenic mouse models (Waldo et al., 1999) . It is generally accepted that endocardial cushion mesenchyme begins to emerge via epithelial-to-mesenchymal transformation (EMT) of endothelial cells in the AV canal and proximal OFT on E9-9.5 (Dickson et al., 1993) . The possibility that Gata3 could substantially contribute to EMT at that early stage of development is small, because only few cells were LacZ-positive in this region. Later, at E10.5 the cardiac neural crest (NC) cells reach the distal OFT and further migrate into the proximal OFT through two mesenchymal ridges (Kirby et al., 1983; Waldo et al., 1998; Jiang et al., 2000) , similarly to Gata3-LacZpositive ridges in the present investigation. The expression of Gata3 in the endothelial cells has been reported only cursorily (Crawford et al., 2002; Levenberg et al., 2007) . The necessity of Gata3 in the normal functioning of endothelium are suggested by the massive internal bleeding of Gata3-null embryos (Pandolfi et al., 1995) and by the body surface bleeding caused by physical manipulation of longer surviving pharmacologically treated Gata3-null embryos observed in the present study.
3.3.
Heart malformations caused by the lack of Gata3
The homozygous LacZ-knock-in mutation in Gata3 gene in mice caused severe OFT malformations in terminally differentiated four-chambered heart. Already on E9.5 aberrancy was detected in the arterial pole of the heart tube. The distal part of OFT (truncus arteriosus) was shortened, and the area as well as intensity of expression of the OFT myocardium marker Wnt11 (Cai et al., 2003) was significantly reduced. These data support the hypothesis of Ward et al. (2005) , that a short outflow tract does not allow a normal conotruncal rotation. Based on this hypothesis, Ward et al. suggested that NC-related conotruncal heart defects such as PTA, tetralogy of Fallot (TF), pulmonary atresia, and double-outlet right ventricle (DORV), are the consequences of the primary short conotruncal morphology. During the ongoing development of Gata3-LacZ/LacZ embryos the OFT remained truncated up to E11.5, when rotation defect of ridges was clearly detectable. Later, when definitive chambers have been formed in the hearts, this early phenotype leads to severe malformations. DORV, VSD and AAA were the most common aberrations. The OFT defects are etiologically heterogeneous due to the inactivation/downregulation of many different genes implicated in the development of cardiac neural crest and its derivatives or in the development of non-neural crest-derived mesenchymal cushion directly or indirectly cause similar malformations (Stoller and Epstein, 2005; Restivo et al., 2006) .
The pathways and mechanisms of inductive interactions of Gata3 in heart require further investigations. The Gata3 targets and upstream regulators have been usually screened only in the non-cardiac contexts until now. There is a target candidate acting downstream from Gata3 in hematopoesis and being an important regulator of cardiogenesis. In the human T-cell acute lymphoblastic leukemia hematopoietic cell lines, Gata3 activates the transcription of Raldh2 (Takagi et al., 1995; Ono et al., 1998) . Raldh2 is the enzyme responsible for synthesis of early embryonic endogenous retinoic acid (RA). Mouse embryos lacking the RA receptors (Mendelsohn et al., 1994; Jiang et al., 2002) suffer from failure of the normal development of cardiac outflow tract. Similar defects occur if the Raldh2À/À embryos are rescued with vitamin A-rich diet of pregnant females (Niederreither et al., 2001) . It was hypothesized that the cardiac neural crest cells might be abnormally patterned before their migration, as they derive from a hindbrain region that is specifically altered in Raldh2À/À mutants (Niederreither et al., 2000) . Thus, Raldh2À/À could be an interesting candidate that acts downstream of Gata3 in the heart development. On the other hand, there is a possibity that lack of Gata3 leads to aberrant interactions with other key regulators of OFT myocardium recruitment from anterior heart field, such as Isl1, Nkx2-5. Mef2c, FGF8 and Tbx1 (Kelly, 2005) . The expression studies of the mentioned transcription factors in Gata3-null mutant embryos at stages before and during OFT formation and septation are needed to clarify this issue.
Concluding remarks
This study showed for the first time that Gata3 plays an important role in the cardiac outflow tract formation and that the null mutation results in severe defects in the outflow tract, such as ventricular septal defect, double-outlet of right ventricle, anomalies of aortic arch and persistent truncus arteriosus. The short outflow tract causing insufficient rotation of truncus arteriosus during looping stages might be the principal structural leading to these malformations. Gata3 may contribute to underlying mechanisms associated with congenital anomalies, including DiGeorge syndrome.
4.
Experimental procedures 4.1.
Gata3 mutant mice
We used a previously created mouse strain Gata3-nlsLacZ (briefly Gata3-LacZ) that contains the Escherichia coli LacZ reporter gene and nuclear localization sequence fused in the frame to the Gata3 gene by homologous recombination (Hendriks et al., 1999; van Doorninck et al., 1999) . Mice heterozygous for the Gata3 mutation (Gata3-LacZ/+) are fertile and appear to be normal, whereas homozygous mutant (Gata3-LacZ/LacZ) embryos die between E11 and E12. To obtain Gata3-null embryos that survive to E18.5, 100 lg/ml L-phenyl-ephrine (Sigma P6126), 100 lg/ml isoproterenol (Sigma I5627), and 2 mg/ml ascorbic acid (Oriola) were added to the daily drinking water of pregnant dams (Kaufman et al., 2003) . Pharmacological treatment was started on day 7.5 of gestation. Embryos were genotyped by PCR screening of Gata3-LacZ. The primer set was as follows; Gata3 primers (G3ex2-F 5 0 -CCTCCGACGGCAGGAGTC-3 0 , G3ex2-R 5 0 -ACCGTA GCCCTGACGGAGTTT-3 0 ) and LacZ primer (LacZ-R1 5 0 -ACGGC GGATTGACCGTAATG-3 0 ).
b-Galactosidase reaction
Embryos were collected and setup as whole-mounts (at E9.5-E11.5) or dissected hearts (at E13.5-E17.5) were collected in PBS, fixed for 1-2 h in 4% paraformaldehyde in PBS on ice and stained by X-gal using standard procedures (Hogan, 1994) . After whole-mount examination the embryos or hearts were embedded in paraffin, sectioned at 7-10 lm, and stained briefly with eosin according to standard procedures; or cleared in BABB (2:1 benzyl alcohol/benzyl benzoate); or sectioned using vibratome at a thickness of 35-60 lm for the respective analysis.
4.3.
In situ hybridization
Whole-mount in situ hybridization of embryos was performed essentially as described by Wilkinson (1993) with modifications, using DIG-labeled RNA probes synthesized from mouse cDNAs. The Gata3 hybridization probe included the full-length cDNA and the Wnt11 hybridization probe, a 700 bp insert (kind gift from Dr. Paul Sharpe). The anti-DIGalkaline posphatase conjugate (Roche) was developed with NBT/BCIP. Control embryos were hybridized and stained simultaneously in parallel using sense cRNA probe. After whole-mount examination selected embryos were sectioned using vibratome at a thickness of 35-60 lm.
Ink injection
Embryos were collected in PBS. The hearts were exposed and India ink was injected into the left or right ventricle. Embryos were fixed in PBS-buffered 4% formaldehyde, dehydrated in graded ethanol and cleared in BABB.
RT-PCR analysis
Hearts from five wild-type embryos on E9.5 and E10.5 were used for analysis. In the case of older embryos the hearts of one litter (8-9 embryos) were isolated and dissected. E11.5 hearts were halved between the atrioventricular canal (AV) and the outflow tract (OFT). The parts of four-chambered hearts on E15.5, E17.5, and adult hearts were cut as follows: the atria were separated and the right atrium (RA) was taken for analysis. The rest was then halved between OFT and AV and taken for analysis. The hearts of two adult mice were dissected according to the same scheme and analyzed. Total RNA was extracted using TRIzol Reagent (Invitrogen) according to the manufacturer's protocol. Reverse transcription was preformed using 2 lg of total RNA, random primers, and SuperScript II RT (Invitrogen) in a total volume of 20 ll. One microliter of each cDNA was used for PCR amplification in a 20 ll volume employing the following protocol: 30 s at 94°C, then 30 s at 58°C and 2 min at 72°C. PCR was performed in 30 cycles to detect Gata3 (primers AGCCGCGCTGGGTGAGCCA and CGTGGTGGATGGACGTCTTG). As an internal control, hypoxanthine-phosphoribosyl-transferase (HPRT) cDNA was co-amplified in for 26 cycles using primers CACAGGACTAGA ACACCTGC and GCTGGTGAAAAGGACCTCT.
